Abstract d e n t a l m a t e r i a l s 3 1 ( 2 0 1 5 ) [1198][1199][1200][1201][1202][1203][1204][1205][1206] Available online at www.sciencedirect.com ScienceDirect j o u r n a l h o m e p a g e : w w w . i n t l . e l s e v i e r h e a l t h . c o m / j o u r n a l s / d e m a A fractographic study of clinically retrieved zirconia-ceramic and metal-ceramic fixed dental prostheses Results. Among the 12 zirconia-ceramic FDPs, 2 had small chippings, 9 had large chippings, and 1 exhibited delamination. Out of 6 metal-ceramic FDPs, 5 had small chippings and 1 had large chipping. Descriptive fractographic analysis based on SEM observations revealed that fracture initiated from the wear facet at the occlusal surface in all cases, irrespective of the type of restoration.
Introduction
Metal-ceramic and zirconia-ceramic systems are widely used for fixed dental prostheses (FDPs) today. Metal-ceramic FDPs were introduced to restorative dentistry several decades ago. This material system has good load-bearing capacity [2] and exhibits high survival rates. In addition, the reported rates for chipping of the veneering ceramic for metals were low. According to a 15-year clinical study by Walton, only 3% porcelain veneer and 3% metal framework fracture were reported [3] . Yttria-tetragonal zirconia polycrystals (Y-TZP) is also widely used nowadays as an alternative material to metal for frameworks of posterior FDPs due to its high strength, good fracture toughness and excellent biocompatibility [4] [5] [6] . Y-TZP was found to have a flexural strength of 900-1200 MPa [7] and fracture toughness of 4-6 MPa √ m [8] [9] [10] . However, previous studies have reported high veneer chipping and fracture rate from 8 to 25% in all major brands of zirconia-ceramic FDPs [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] .
Even though many clinical studies have been conducted on zirconia-ceramic and metal-ceramic FDPs, very few studies presented a direct comparison of these two restorations. In order to directly assess the clinical performance of zirconiaceramic and metal-ceramic FDPs, patients in a clinical trial should be randomly assigned to either zirconia-ceramic or metal-ceramic restorations. In addition, the numbers of these two types of restorations should be comparable. Both criteria have been met in a 3-year randomized controlled trial (RCT) for three-to five-unit zirconia-ceramic and metal-ceramic posterior FDPs conducted by Sailer et al. [1] .
In Sailer's study, 38 metal-ceramic FDPs and 38 zirconia-ceramic were randomly placed in 59 patients who were generally and periodontally healthy with no bruxism. Out of these, 36 zirconia-ceramic and 31 metal-ceramic FDPs were examined at mean observation period of 40.3 ± 2.8 months. The results showed that both zirconia and metal frameworks had excellent survivability, but the veneer chipping and fracture in zirconia-ceramic systems occurred more frequently than those in metal-ceramic systems. Among the 31 metal-ceramic FDPs, 19.4% had veneer chipping. In contrast, the veneer chipping rate for 36 zirconia-ceramic FDPs was 33.4%. Also, for the zirconia-ceramic system, the rate of the chipping down to the framework was 5.6%, while the rate of restorations that needed to be replaced was 2.8%. Sailer's study revealed that zirconia-ceramic FDPs underwent higher chipping rate and larger chipping size compared to their metal-ceramic counterparts after a 3-year observation period [1] .
A systematic fractographic analysis of the reasons for veneer fracture and for different clinical performances of zirconia-ceramic and metal-ceramic FDPs was not included in previous RCT studies. Descriptive fractography is an effective tool to identify the cause of failure and provide information about the loading conditions based on the fracture pattern recognition and analysis. Veneering ceramics of zirconia-ceramic and metal-ceramic FDPs are both brittle materials that have brittle fractures taking place with little or no plastic deformation. This nature helps brittle materials leave unequivocal patterns on fracture surfaces. The patterns are the direct consequence of crack perturbations during propagation [21] . Certain types of fractures leave telltale fracture patterns for the determination of fracture origin, direction of crack propagation and stress state. Some early studies successfully determined failure causes for clinically used dental restorations by descriptive fractography [21, 22] . Then the systematic guide of this technique for clinically failed dental ceramics were established [23] based on the American Society for Testing and Materials (ASTM) standard practice [24] . In order to not disturb fracture surface after failure occurred, a replica technique for reproducing failed ceramic surfaces was introduced and its effectiveness for descriptive fractography was demonstrated by Scherrer et al. [25] .
Accordingly, the purpose of this study was to determine the fracture origin, crack propagation path, and damage modes in veneer fractured zirconia-ceramic and metal-ceramic FDPs from Sailer's study using the replica technique and the principles of descriptive fractography.
2.
Materials and methods
Specimen source
Twelve zirconia-ceramic and 6 metal-ceramic FDPs with fracture from a previous randomized controlled trial (RCT) conducted by Sailer et al. [1] were studied. The RCT included 59 patients (27 women and 32 men) that needed at least one FDP in the posterior region. All three-to five-unit posterior FDP sites were included and randomly assigned to either zirconia-ceramic or metal-ceramic restorations [1] . All patients had good general and periodontal health with no obvious signs of bruxism. Informed consent was obtained and the requirements of the Helsinki Declaration were fulfilled. The conventional preparation criteria for abutments of metal-ceramic and zirconia restorations were followed [1] . The zirconia and metal frameworks were fabricated out of presintered zirconia blanks (Cercon base 30 or 38, Dentsply, PA, USA) and gold alloys (Degudent U, DeguDent, HanauWolfgang, Germany), respectively. Two specially designed porcelain veneers were used for two different frameworks (veneering ceramic for zirconia: Cercon Ceram S, Ceramco, NH, USA; veneering ceramic for metal: Duceram Plus, Degudent, Hanau-Wolfgang, Germany). The porcelain firing protocols were provided by the manufacturer. In this case, both zirconia and metal FDPs were subjected to a so called fast cooling protocol, where the furnace was switched off after programed holding time at the elevated temperature. The furnace door was then opened and the FDP was left to cool. Details about the fabrication of FDPs have been published elsewhere [26] .
After a mean period of 40.3 ± 2.8 months, fractured surfaces of 12 zirconia-ceramic and 6 metal-ceramic FDPs, which exhibited veneer chipping were cleaned with alcohol. After that, a low viscosity A-silicone impression material (President, Coltène Whaledent, Altstätten, Switzerland) was used to make impressions of FDPs surfaces [1] . Two impressions were made for each fracture surface. The first impression was to clean the surface. The second impression mold was used to cast the epoxy resin (EpoFix, Struers, Birmensdorf, Switzerland) replicas for fractographic studies. The epoxy was poured at least 1 h after taking the impression mold.
Specimen preparation
All replicas were first cleaned using distilled water in an ultrasonic bath (Solid state/ultrasonic T-14B, L&R, NJ, USA). After cleaning, replicas were gold coated by the sputter coater (K650, Emitech, MA, USA).
Specimen examination
Specimens were inspected by stereomicroscope. Stereoptical microscope (SZX-ILLB100, Olympus, PA, USA) equipped with a camera port (Retiga 32-0013B-118, Qimaging, Vancouver, Canada) and dual gooseneck fiber optic lights (Kramer, Fostec, Siheung-daero Siheung-si Gyeonggi-do, Korea) were used to examine fracture surfaces to determine different types of fracture (chipping, delamination or bulk fracture). Then, in order to elucidate the fracture origin and path of crack propagation, a scanning electron microscope (S-3500N, Hitachi, Tokyo, Japan) was used to inspect fracture surfaces.
Descriptive fractographic analysis
The fracture origins were located by fracture pattern analysis. We determined fracture origins by recognizing characteristic fracture patterns on fracture surface and tracing back to fracture initiation sites. The following three fracture patterns were used extensively in the descriptive fractographic analysis of replicas of fractured dental restorations including wake hackles, twist hackles and arrest lines. Wake hackles are trails extending from an irregularity at the crack front in the direction of crackling [27] . Porcelain veneers for zirconia-ceramic and metal-ceramic restorations have a certain amount of pores introduced by the powder/water slurry technique for fabrication, which act as singularities [22] . When an advancing crack encounters an elastic singularity such as pores in porcelain, the crack front may split at the object and sweep past it on both sides. As the two fronts pass the obstacle they are often on slightly different planes and create a "tail" between them. The tail may fade away quickly or persist for long distances. The local crack runs the same way as the tail fades and the singularity side of wake hackle is the origin side of this fracture [27] .
Twist hackles are formed when the stress field changes [27] . Veneering ceramics are glass reinforced with crystallites, which have coarse particles and agglomerates. Crack goes through coarse particles and agglomerates with local rotation in the axis of principal tension, so twist hackles are generated during the crack propagation. When the axis of principal stress is tilted, the crack is unable to rotate immediately, so it breaks into small, unconnected segments and leaves the "step", twist hackle, between different segments. Usually the crack propagation is in the direction of fine to coarse hackles and the side with fine hackles is the side of fracture origin [27] .
Arrest lines are formed when a crack slightly changes the propagation direction [27] . During the crack propagation in dental restorations, the coarse grains make the crack hesitate or stop to redirect the path of crack propagation. When it hesitates or stops, the crack front profile becomes evident instantly in the form of arrest lines. The fracture origin would normally be on the concave side of an arrest line, and the convex direction is the direction of crack propagation [27] .
These fracture patterns helped us not only to determine directions of crack propagation, but also to trace back to the fracture origins. From the different sites of fracture origins and the different stress fields specimens were involved in, we were able to elucidate sources and reasons for fracture.
Definitions of fracture modes
In order to facilitate ease of readership, we defined fractures that initiate from the occlusal surface but without exposing the framework as veneer chipping. Chipping area that involves less than one-fourth of the cusp was regarded as small chipping. Large chipping referred to the chipping area greater than one-fourth of the cusp. We designated fractures that extend to veneer/core interface as delamination.
Results
The incidence of different types of fracture was summarized based on the stereomicroscope examination (Table 1) . Then, the scanning electron microscope (SEM) was used to discern the fracture origin and direction of crack propagation in fractured FDPs. In the interest of briefness, we selected only representative cases from each of the fracture modes. Detailed stereomicroscopic and SEM images of selective small and large chipping and delamination on the zirconia-ceramic and metal-ceramic FDPs are shown below.
Zirconia-ceramic FDPs

Case 1: small chipping in the left mandibular second molar (tooth #37, retainer) of a 4-unit zirconia-ceramic FDP (arrest lines, twist hackles)
In this left mandibular second molar of zirconia-ceramic FDP, there was a small chipping (white solid arrows) detected by stereomicroscope observation (Fig. 1a) . The direction of crack propagation was confirmed by twist hackles (white solid arrows) and arrest lines (black solid arrows) in Fig. 1b . The abundant arrest lines and twist hackles not only defined the direction of crack propagation (white dashed arrow in Fig. 1b ) from the occlusal surface to the middle one-third of the mesio-lingual surface, but also pointed back to multiple fracture origins at the occlusal surface (black dashed circle) in Fig. 1c .
The occlusal view of fracture origins (black dashed circle) in Fig. 1c shows that these origins were located at the occlusal wear facets, indicating that the contact loading or impact on the occlusal surface was the cause of this fracture. Since no core material was exposed, it can be concluded that the fracture mode was chipping.
Case 2: large chipping in the left mandibular second molar (tooth #37, retainer) of a 3-unit zirconia-ceramic FDP (arrest lines, wake hackles)
In a left mandibular second molar of zirconia-ceramic FDP, a large chipping (white solid arrows) was detected by optical microscope (Fig. 2a) . The direction of crack propagation was recognizable from the characteristic features such as arrest lines and wake hackles. In Fig. 2b , indicators of the direction of crack propagation (black dashed arrows) are large arrest lines (white solid arrows). These indicators all suggest that the crack ran from the occlusal surface to the cervical one-third of disto-lingual surface. A noticeable area (black solid square in Fig. 2b ) with high porosity was magnified in Fig. 2c . A series of wake hackles were left as trails emanating from pores when the crack front passed through these irregularities. This area contained crucial information on the direction of crack propagation (black dashed arrows in Fig. 2c) . Therefore, the crack started from a region with excessive wear at the occlusal surface (black solid arrows) to the cervical one-third of disto-lingual surface (Fig. 2b) . A higher magnification view of the fracture origin region (black solid arrows in Fig. 2b ) is shown in Fig. 2d , where the wear facets are clearly evident. Since no core material was exposed, this fracture was classified as a chipping. Fig. 3a shows an extensive fracture involving delamination (white solid arrows) in the left mandibular first molar of a zirconia-ceramic FDP.
Case 3: delamination in the left mandibular first molar (tooth #36, pontic) of a 4-unit zirconia-ceramic FDP (twist hackles, milling trace lines)
In this case, the direction of crack propagation (black dashed arrows) was determined by twist hackles (white solid arrows) (Fig. 3b) . The crack propagated from the region highlighted by a large black square to the cervical one-third of disto-lingual surface and distal surface (Fig. 3b) . A higher magnification view of this highlighted region is shown in Fig. 3c , as can be seen the fracture origin (black dashed circle) is located at the region with substantial occlusal contact damage. During the crack propagation, the core material with distinct milling trace lines was exposed. A higher magnification image of the region highlighted by the small black square in 3b is shown in Fig. 3d , where the characteristic markings from the CAD/CAM milling procedure can be revealed. These milling trace lines clearly demonstrated that this fracture mode was indeed delamination.
3.2.
Metal-ceramic FDPs
Case 4: small chipping in the left mandibular first molar (tooth #36, pontic) of a 3-unit metal-ceramic FDP (arrest lines)
A small chipping (white solid arrows) in the left mandibular first molar of a metal-ceramic FDP is shown in Fig. 4a . On this fractured surface, arrest lines, marked out by white solid arrows, were observed (Fig. 4b) . These sharp arrest lines indicate that the crack ran from the occlusal surface toward the middle one-third of lingual surface (white dashed arrows). Since arrest lines are close to the occlusal surface, locations of fracture origins were determined to be at the occlusal surface. The occlusal view of fracture origins (white dashed circle) is shown in Fig. 4c . As can be seen, this fracture was initiated from the occlusal surface wear facet. Again, since no metal framework was exposed, it can be concluded that the fracture mode was chipping.
Discussion
In the present study, after 3 years intra-oral service, 12 fractured zirconia-ceramic and 6 fractured metal-ceramic FDPs were examined by stereomicroscope and scanning electron microscope. Zirconia-ceramic FDPs had 2 small chippings, 9 large chippings and 1 delamination. Metal-ceramic FDPs had 5 small chippings and 1 large chipping with no delamination detected. Compared with metal-ceramic FDPs, zirconia-ceramic counterparts had higher chipping and delamination rate and larger chipping size. Among all the fractured specimens, regardless of the metal-ceramic or zirconia-ceramic FDPs, the fractures all originated from contact damage at the occlusal surface. These findings are consistent with many previous clinical studies. For example, two 10-year longitudinal clinical trials reported an alarming 32% veneer chipping and 8.5% framework fracture rate in zirconia-ceramic FDPs [28] , but only 10.6% veneer chipping rate in metal-ceramic FDPs [29] , respectively. Also a systematic review of clinical performance of zirconia-ceramic and metal-ceramic FDPs revealed that the annual veneer chipping rate was 2.86% for zirconia-ceramic FDPs [30] and 0.58% for metal-ceramic FDPs (translated from 2.9% veneer chipping rate in a 5-year observation period) [31] .
Our findings revealed that all fracture initiated from wear facets on the occlusal surface. However, zirconia-ceramic FDPs have a higher tendency of chipping and delamination due probably to lower fracture toughness of the veneering porcelain, greater residual stresses, and weaker interfacial fracture energy between the zirconia framework and porcelain veneer.
Wear surfaces often act as fracture initiation sites [23, 32] . During mastication, dental restorations are subject to occlusal loading by the opposing teeth. Each chewing cycle involves contacting the mesial-distal cusp ridge, sliding down toward central fossa and then lifting off [33] [34] [35] . This sliding contact can create wear facets, where wear related microcracks can form [36, 37] . These seemingly innocuous wear-induced microcracks could evolve into deleterious partial cone, inner cone, or median cracks [38] [39] [40] [41] [42] [43] under the influence of mastication (cyclic fatigue loading) combined with the intrusion of saliva into surface fissures (hydraulic pumping) [32, 44] . The rapid propagation of these occlusal-induced cracks can be responsible for premature veneer chipping and fracture [45, 46] . In addition, once these cracks extend near the interface of the veneer porcelain and framework, continued masticatory loading can lead to delamination [47] . As alluded to in the preceding paragraph, fatigue fracture involves crack initiation and crack propagation. Two mechanical properties, strength and fracture toughness, are pertinent to crack evolution in ceramics. Even though the strength of the two tested porcelain veneering ceramics are similar (∼70 MPa) [48] , the fracture toughness of the overlay porcelain for metal (1.10 MPa √ m ± 0.13 MPa √ m) is significantly greater than that of the veneering porcelain for zirconia (0.73 MPa √ m ± 0.02 MPa √ m) [49] . The lower fracture toughness leads to decreased resistance to crack propagation in porcelain fused to zirconia, suggesting that zirconia-ceramic FDPs have higher chipping rate and larger chipping size relative to metal-ceramic FDPs.
Fracture propagation is also affected by residual stresses. Residual stresses can develop in a porcelain veneer from coefficient of thermal expansion (CTE) mismatch between the veneer and framework, and from rapid cooling during the final cycle of porcelain firing. In metal-ceramic structures, CTE stresses may be beneficial, e.g. by placing the weak outer porcelain veneer into compression through the careful design of CTE mismatch. Typically the CTE of veneer is slightly smaller than that of metal coping, but the difference is no greater than 1 ppm K −1 . Although the CTE mismatch in the current metal-ceramic and zirconia-ceramic systems are similar, which is only 0.5 ppm K −1 [47, 50] , the low thermal diffusivity property of zirconia framework could alter the distribution of thermal stresses in porcelain veneer [49, 51] . Baldassarri et al. used the Vicker indentation method to estimate the magnitude and orientation of residual stresses in hand build-up zirconia-ceramic FDPs [52] . The results revealed a strong hoop compressive stress and a moderate tensile stress in the direction parallel and perpendicular to the veneer/core interface, respectively. The compressive stress suppresses crack propagation perpendicular to the veneer/core interface and contributes to the lower rate of delamination. The tensile stress leads to the tendency of crack propagation in the direction parallel to the porcelain/zirconia interface, which enlarges the chip size in zirconia-ceramic FDPs. So residual stresses in porcelain veneer due to the lower thermal diffusivity of zirconia framework may give rise to the higher chipping rate and larger chipping size in zirconia-ceramic FDPs than in metal-ceramic counterparts.
For the delamination case among all fractured zirconiaceramic FDPs, the crack propagated down to the framework/ veneer interface. This may be due to the low interfacial fracture energy of the zirconia framework and porcelain veneer [53] . When the crack front in the porcelain veneer reaches the veneer/core interface, it tends to choose a low fracture energy path, the interface, to propagate. Both clinical evidence and laboratory simulation [47] have demonstrated that interfacial cracks often graze along the weak interface for some distance, but eventually deflect back into the porcelain veneer rather than penetrate the stiffer and tougher zirconia core. Some previous studies have shown that the interfacial fracture energy ranges from 4.8 N/m to 17.1 N/m for a variety of commercial porcelain/zirconia systems with rapid or slow cooling rate [53] [54] [55] . However, the metal/porcelain interfacial fracture energy is as high as 72.7 N/m for gold and 58.5 N/m for palladium [56, 57] . So the delamination in zirconia-ceramic FDPs may be attributed to the low interfacial fracture energy in porcelain veneered zirconia restorations.
We acknowledge that the current descriptive fractographic analysis is based on a 3-year RCT of zirconia-ceramic and metal-ceramic FDPs. Thus some phenomena, such as framework fracture and, perhaps, higher incidence of delamination, may appear over time, especially in zirconia-ceramic FDPs. The next step would be to do a descriptive fractographic analysis on the 5-10 years continuation of this RCT. This would help us assess whether the fracture modes observed in these dental restorations will change. It could also help us determine if the incidence of fracture will increase in both kinds of fixed dental prostheses.
Conclusions
(i) Zirconia-ceramic FDPs exhibited a higher rate of veneer chipping and delamination, as well as larger chipping size relative to metal-ceramic FDPs under the same intra-oral conditions. (ii) All the fracture initiated from occlusal surface wear facets due to near-contact microcracking introduced by mastication. (iii) Seemingly innocuous, wear-induced microcracks could rapidly propagate under the influence of mastication and intrusion of saliva, resulting in veneer chipping and fracture.
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